The following paper presents an approach to the mathematical modeling of thermo-chemical reactions and relations in a 3-phase, 80 MVA AC, electric arc furnace (EAF) and represents a continuation of our work on modeling the electric and hydraulic processes of an EAF. This paper is part 2 of the complete EAF model and addresses the issues relating to chemical reactions and the corresponding chemical energy in the EAF, which are not included in part 1 of the paper, which is focused on mass, temperature and energy-exchange modeling. Part 2 and part 1 papers are related to each other accordingly and should be considered as a whole. The developed and presented sub-models are obtained according to mathematical and thermo-chemical laws, with the parameters fitting both experimentally, using the measured operational data of an EAF during different periods of the melting process, and theoretically, using the conclusions of different studies involved in EAF modeling. Part 2, part 1 and the already published electrical and hydraulic models of the EAF represent a complete EAF model, which can further be used for the initial aims of our project, i.e., optimization of the energy consumption and the development of an operator-training simulator. Like with part 1, the obtained results show high levels of similarity with both the operational measurements and theoretical data available in different studies, from which we can conclude that the presented EAF model is developed in accordance with both the fundamental laws of thermodynamics and the practical aspects relating to EAF operation.
Introduction
The paper presents an approach to the mathematical modeling of thermo-chemical processes in an 80 MVA AC, electric arc furnace (EAF). The proposed models complement the previous work on the modeling of the electrical and hydraulic processes in an EAF 1) and the work presented in part 1, and represent the final stage of the complete EAF model. The EAF sub-models derived in this paper address the most common chemical reactions, which appear during the steel melting process and include the oxidation and reduction of both chemical elements, such as iron, carbon, silicon, manganese, chromium and phosphorus; and chemical compounds, such as iron oxide, carbon monoxide and dioxide, silica, manganese oxide, chromium oxide and phosphorus oxide. Also, the model takes into account the mechanisms of electrode oxidation, the oxidation of combustible materials, the oxygen burners, the relative pressure and the slag-foaming processes. Since the chemical reactions can contribute up to 40% of the total EAF energy balance, the model includes energy-exchange equations for each chemical reaction. For the needs of our study, the model defines relatively accurate and reliable relations that describe the chemical reactions between the EAF regions, i.e., the steel, slag and gas zones.
Various approaches to the modeling of EAF chemistry and the appurtenant energy relations can be found in the literature, such as general chemical models 2, 3) or more detailed sub-processes. [4] [5] [6] Like with the heat, temperature and mass models presented in part 1, the thermo-chemical model proposed in this paper is inspired by the papers of Bekker 2) and MacRosty; 3) however, the proposed model in this study is more complex, approached differently and considers more chemical reactions and additional energy transfers between the EAF zones. Also, the model includes relations describing CO post-combustion 7) and slag-foaming processes based on the realities in the EAF and its impact on radiative heat transfer. Besides modeling the fundamental laws of mass and heat transfer, special attention is devoted to the parameterization of the developed model using available initial, endpoint and online measurements for the EAF's operation. Like with the models developed in our previous work, the model proposed here is based on the 80 MVA AC furnace installed in one of the ironworks in Slovenia. Therefore, for the needs of a successful model parameterization, operational data of the EAF related to the chemical transfer processes were obtained, including the initial and end-point steel and slag compositions, the steel yields, the temperatures, etc. Since some data (the stage and rate of the chemical reactions, temperatures, masses, etc.) cannot be obtained during the melting, due to the nature of the process, the equations and parameters of the sub-models relating to those values were obtained theoretically. Other measurements, such as the arc powers, which are needed to complement the proposed models, were obtained when modeling the electrical processes in the EAF.
Since the work presented in this paper complements the heat, mass and temperature models presented in part 1, a reference to part 1 is added at each necessary point as (PART 1) .
Modeling
The following section presents the modeling approach to the thermo-chemical processes of the particular EAF. Since this paper investigates the EAF sub-models and relations that are not addressed in part 1, this paper follows the same modeling assumptions and simplifications as part 1 (PART 1) . Furthermore, some additional assumptions, regarding the chemical model have been made, such as:
• liquid steel is assumed to be a dilute solution, with mole fraction unit for molten steel,
• activity coefficients are assumed constant and are close to unity, with the respective reaction equilibrium constants computed accordingly, 2, 4) • the reactions are started as soon as the corresponding reactants enter the liquid form, with all other conditions met (presence of oxygen, carbon, etc.),
• ideal solution is assumed for slag components. In a similar way, the EAF layout is divided into identical zones as with the previous work. The values of all the parameters used in the developed model are listed in the Appendix section. Similarly, equal notation for EAF zones is used, i.e.: solid scrap -sSc, liquid metal -lSc, solid slag -sSl, liquid slag -lSl and gas -gas.
Thermo-chemical Model
It is generally known that the chemical reactions in the steel bath, the slag and the gas zone of the EAF represent an important part of the steel-melting processes. The literature suggests that 10-40% 8) of the complete energy input is contributed by the chemical reactions, meaning that the impact of the thermo-chemical relations in the EAF cannot be neglected. Therefore, the thermo-chemical model of the EAF is important for two reasons. First, it defines the relations between the different chemical elements and compounds and influences the final composition of the steel, the slag and the off-gas. Second, the energy released from the reactions during the EAF melting process represents a significant amount of the total EAF energy balance. Newer EAF designs tend to replace more and more electrical energy with chemical energy by adding increased quantities of oxygen and carbon into the bath, which can also be taken into the account when the thermo-chemical relations are modeled properly.
The chemical model assumes that all the chemical reactions, except the CO post-combustion and CH4 oxidation (oxygen burners) take place in the liquid metal and slag zones. The notation used is as follows: mxx denotes the mass of an element or compound xx, Mxx denotes the molar mass of an element or compound xx, kdxx represents the reactionrate coefficient of an element xx, Xxx is the molar fraction of the element or compound xx, is the equilibrium molar fraction of the element or compound xx and kXxx is the equi-librium constant of the element or compound xx, unless specified otherwise.
Chemical reactions
The chemical reactions that are considered in the proposed model are chosen according to the influence of the particular reaction on the energy input/output to the complete EAF energy balance, 4) the chemical composition of the steel or slag and the obtained initial and end-point data of the EAF. The oxidation and reduction reactions that are taken into account are given by Eq. (1):
The above reactions represent the basis for the development of the model, i.e., computing the rates of change of the elements or compounds and the input or output energies of a particular reaction. The details of the proposed reactions are presented below. At this point the number of moles of liquid metal (XMlSc) and slag (XMlsl) zones shall be defined in Eq.
(2), as they are frequently used later. ... (5) where Cinj is the carbon injection rate (kg/s), kdC-L is the decarburization rate and mC-L is the mass of injected carbon present in the furnace. The rate of change of the dissolved C in the bath ( ) is given by Eq. (6):
........ (6) where kdC-D is the FeO decarburization rate, kdC-1 is the C oxidation rate to CO, kdMn-1 is the MnO decarburization rate, kdC-2 is the C oxidation rate to CO2, O2lance is the oxygen lance rate, KO2-CO and KO2-CO2 are the fractions of the lanced oxygen used for oxidizing C to CO and CO2, respectively.
The molar fractions of FeO, MnO and C (XFeO, XMnO and XC) needed in Eq. (6) are obtained with Eqs. (3) and (4); the equilibrium molar fraction of C in the bath is defined similarly as proposed by Bekker; 2) but in an extended form and is obtainable with Eq. where kXMn-1 is the reaction equilibrium constant for the MnO + C reaction [Eq. (1j)], defined by Eq. (10): 4) ...... (10) where pCO represents the partial pressure of CO.
Rate of change of silicon (Si)
The ....... (11) where kdSi-1 is the FeO desiliconization rate, kdSi-2 is the Si oxidation rate to SiO2, kdSi-3 is the MnO desiliconization rate and KO2-SiO2 is the fraction of the lanced oxygen used for oxidizing Si to SiO2.
The molar fractions of FeO, MnO and Si are obtainable with Eqs. where kXCr is the dimensionless reaction-equilibrium constant for the chromium defined as kXCr = 13.2 and is obtained from the Eq. (21): 4) ..... (21)
Rate of change of phosphorus (P)
The rate of change of dissolved phosphorus in the bath ( ) is determined with the following mechanism: P oxidation (x6d1) [Eq. (1f)]. The rate of change of dissolved P can be obtained with Eq. (22):
where kdP is the rate of reaction. The molar fraction of P is obtainable with Eq. (3), while the equilibrium molar fraction of P in the bath is obtainable with Eq. (23):
where kXP is the dimensionless reaction-equilibrium constant for phosphorus defined as kXP = 7.8×10 3 and is obtained from the Eq. (24): 9) .. (24)
Rate of change of iron oxide (FeO)
The rate of change of the iron oxide in the slag ( ) is determined by the following mechanism: injected C decar- where KO2-FeO is the fraction of the lanced oxygen used for oxidizing Fe to FeO, DRIadd is the DRI addition rate and KFeO-DRI is the amount of FeO in the DRI stream. 
Rate of change of iron (Fe)
All the reactions that include Fe, influence its overall mass in the bath. Therefore, the rate of change of iron in the bath ( ) is determined by the following mechanism: injected C decarburization (x8d1) [Eq. where DRIadd is the DRI addition rate and KFe-DRI is the amount of Fe in the DRI stream. The overall mass of Fe is obtained with Eq. (44) in part 1 (PART 1) .
Rate of change of carbon monoxide (CO)
The rate of change of carbon monoxide in the gas zone where hd is the characteristic dimension of the duct area at the slip gap, u1 is an approximation of the off-gas mass flow, kU is a dimensionless constant used for improving the approximation, set to the same value as proposed by Ref. 2) , u2 is the slip-gap width, kAIR1 is the molar amount of O2 in the leak air, kPR represents the dimensionless constant, which defines the ratio between the reaction rate and relative 
Rate of change of nitrogen (N2)
The rate of change of nitrogen in the gas zone ( ) is determined by the following mechanisms: N2 extraction through the off-gas vents (x11d1), N2 sucked in leak air (x11d2) and N2 extraction through the hatches (x11d3). The rate of change of N2 in the gas can be obtained with Eq. where kAIR2 is the molar amount of N2 in leak air.
Rate of change of oxygen (O 2 )
The rate of change of oxygen in the gas zone ( ) is determined by the following mechanisms: O 2 extraction through the off-gas vents (x12 d1 ), O 2 When the amount of O 2 in the gas phase is insufficient to carry out all the oxidation processes, the model decreases the amount of available O 2 for those reactions accordingly.
Relative Pressure
The relative pressure in the EAF gas zone changes as a consequence of the gases produced in the chemical reactions, off-gas vents, carbon and oxygen addition, etc., and as a consequence of the temperature change. The pressure in the furnace can be obtained by following the ideal gas equation, which yields Eq. (35):
where R gas represents the gas constant and V gas represents the volume of the gas zone. The first part of Eq. (35) accounts for the pressure change due to the change of the gas masses and the second part for the change in the temperature of the gas zone.
Electrode Oxidation and Combustible Materials
As is generally known, while operating an EAF the where kdcomb is the combustion rate and represents the increasing rate of combustion with the increasing temperature of the solid steel.
Energy of Chemical Reactions
With the chemical reactions and mass transfers of the elements defined, the energies of the chemical reactions can be computed. In general, the enthalpy of a reaction can be obtained with Eq. (38): 4) ... (38) meaning that the change of the enthalpy accompanying the given reaction is given by the difference between the enthalpies of the products and those of the reactants and by the temperature integral (from the initial (298 K) to the actual temperature) of the difference between the specific heat capacities of the products and the reactants. Using the actual variables and reactions presented here, the change of the enthalpies can be obtained from Eqs. The total energy of the chemical reactions for the liquid metal (QlSc-chem) and the CO post-combustion (QCO-post) zones, which are used in part 1 paper (PART 1) can be obtained with Eq. (55):
.... (55)
Foaming Slag Height
Slag foaming represents an important part of the EAF steel-making processes, since it has several positive characteristics. The most important characteristic of the foaming slag is its ability to revert a great portion of the radiative energy dissipated from the electric arcs to the bath instead to the furnace roof and walls. In this way, greater input powers to the EAF can be achieved, since the radiative impact to the furnace lining is reduced. The other advantage of the foaming slag is that among others it captures the CO bubbles, which increases the CO post-combustion efficiency. Another advantage of the slag is also its influence on stabilizing the burning of the arcs and consequently reducing their chaotic behavior and lowering the arc impedance load. where x9d2 is the CO produced from oxidation, Rgas is the universal gas constant, Tgas is the temperature of the gas obtainable from Eq. (37) in part 1 (PART 1) , rP is the relative pressure in the furnace obtainable from Eq. (35), aP is the atmospheric pressure, while accounts for the crosssectional area of the EAF. 10) The factor that determines the relation between the slag height and the corresponding view-factor change was modeled in a similar way to that proposed by MacRosty 3) with the following Eq. where Hf is the slag height, msSc is the mass of solid steel (PART 1) and minit is the initial mass of the steel scrap loaded during each charge.
The factor (1-Kslag) is used to multiply the calculated view factors from arcs to roof (VF5-1) and walls (VF5-1) (PART 1) , which models the decrease of the latter with the increasing slag height. Since the view factors from arc to solid (VF5-3) and liquid (VF5-4) metal are obtained from the reciprocity rule from VF5-1 and VF5-2, they increase with the increasing slag height accordingly.
Results and Discussion
The following section presents the simulation results that are relevant to the proposed thermo-chemical model and were obtained by combining the developed mathematical models for the mass and heat transfer and the chemical reactions. Some of the obtained results are compared with the available endpoint measurements, such as the composition of the steel and the slag. Other non-measured values are compared to the results of the studies, which address similar EAF topics.
Simulation Timeline
The following results were obtained using the same simulation timeline as presented in part 1 paper. (PART 1)
Initial Steel and Slag Composition
As is generally known, the initial composition of the steel scrap and the added slag-forming materials are crucial for obtaining the end-point compositions; therefore, the compositions used for the simulation are defined as in a real operation as follows:
• Steel composition: 0.4% C, 0.6% Si, 0.2% Cr, 0.05% P, 0.6% Mn and 1.1% combustibles,
• Slag composition: 56.7% CaO, 41.2% MgO, 0.7% SiO2 and 0.45% Al2O3.
Also, an assumption is made that all the slag-forming material added during the melting process has the same chemical composition. When an additional O2 stream, used for the CO postcombustion is turned off, the amount of CO in the gas zone reaches up to 40%. Also observable, when charging baskets 1 and 2, is a rapid release of CO2, which is a consequence of burning the combustible materials shortly after the steel is loaded and other oxidation reactions, which produce CO2.
Thermo-chemical Model

Model Validation
To further validate the developed EAF model and to ensure its appropriateness for the initial aims of this study, the simulated initial and endpoint steel and slag compositions were compared to the measured operational data and are presented in Figs. 4 and 5 and Tables 1 and 2 . The measured average values were obtained from the data for 40 different heats, while the simulated values were obtained from the model using different initial conditions. As can be seen in Figs. 4 and 5 and Tables 1 and 2, the measured and simulated endpoint data are similar, which indicates the accuracy of the proposed chemical model and its usability for further analysis, i.e., the energy optimization and the operator-training simulator. Other values, important for the validation, such as: energy consumption, steel yield, temperatures and power-on-times, are given in part 1 paper (PART 1) or were already presented. 1) Figure 6 shows the energy balance of the particular EAF obtained from the proposed models. The total electric energy input and electric losses were obtained using an electrical model of the EAF, 1) while other energies were obtained with the presented models.
It can be seen that total input and output energies of the EAF coincide with other similar EAF assemblies, 5) which further proves the appropriateness of the developed EAF model. Energy from the chemical reactions accounts up to 25% of the total energy, which indicates that more C and O 2 could be added into the bath, to reduce electrical energy and achieve better energy balance.
Conclusion
In this paper an approach to the mathematical modeling and validation of thermo-chemical reactions for the EAF processes is presented. The proposed model covers the most common chemical processes and reactions and includes . 6 . Energy balance of the EAF obtained from the proposed models. © 2012 ISIJ some other important aspects, such as CO post-combustion, oxygen burners, electrode oxidation and other processes that are often neglected in the EAF modeling practice. The developed model could be extended with other reactions for the steel-melting process of lower importance; however, due to the lack of endpoint composition measurements which would include the percentages of the particular elements or compounds and a relative simplicity of the proposed model, the equations describing those reactions were omitted at this point. The obtained model is developed in accordance with the fundamental laws of thermo-chemistry. Parameterization of the model is carried out using available initial and endpoint operational measurements, theoretical data and conclusions of different studies examining such processes in the EAF, as some of the parameters could not be obtained from the available operational data. Whether some additional measurements could be performed, better estimation of some parameters could be achieved. Even though, comparing the presented results to the available measurements, the proposed model can be considered as appropriate for the aims of the study, as high levels of similarity were achieved between the simulated results and both the theoretical and practical data available. By incorporating the thermo-chemical model into the already developed framework of electrical, hydraulic, 1) heat, mass and temperature models (PART 1) a complete EAF model is obtained, which shall further be used for operator training simulator and enhancement of the EAF process, in terms of energy and cost reduction/optimization. Table 3 gives the values of the reaction rates (kg/s) for the presented chemical reactions. The displayed rates are relatively approximate and rounded to a nearest integer, since minor deviations from the estimated rates do not significantly change the simulation results. Rate estimations can be obtained from different sources studying thermochemical processes. In this manner, kdC-L can be obtained from, 1) kdC-D and kdSi-1 can be obtained from, 2, 4) kdC-1 and kdC-2 can be obtained from, 4, 12) kdMn-1 can be obtained from, 13) kdMn-2, kdSi-2, kdCr-1 and kdCr-2 can be obtained from, 4) kdMn can be obtained from 14) and kdP can be obtained from. 15) Table 4 gives the values of enthalpies of formation used in Eqs. (39) to (54). All rates are in kJ/mol and can be obtained from. 4) Table 5 gives the values of all other parameters used in the model including the units. Some parameters, such as: Vgas, Rtip, Rside, Aside and r1 are EAF specific, kAIR1, kAIR2, kPR, hd, kU and u2 can be obtained from, 2) λC can be obtained from, 16) KO2-CO, KO2-CO2, KO2-Cr2O3, KO2-FeO, KO2-SiO2, KFeO-DRI, KFe-DRI and kdcomb can be, with minor approximations, obtained from, 4, 5, 8) while Rgas, Tmelt and aP represent universal gas constant, steel melting point and atmospheric pressure. 
